The desiccation-tolerant state in seeds is associated with high levels of certain sugars and maturation proteins. The aim of this work was to evaluate the contributions of these components to desiccation tolerance in soybean (Glycine max [L.] Merrill cv Chippewa 64). When axes of immature seeds (34 d after flowering) were excised and gradually dried (6 d), desiccation tolerance was induced. By contrast, seeds held at high relative humidity for the same period were destroyed by desiccation. Maturation proteins rapidly accumulated in the axes whether the seeds were slowly dried or maintained at high relative humidity. During slow drying, sucrose content increased to five times the level present in the axes of seeds held at high relative humidity (128 versus 25 pg/axis, respectively). Stachyose content increased dramatically from barely detectable levels upon excision to 483 pg/axis during slow drying but did not increase significantly when seeds were incubated at high relative humidity. Galactinol was the only saccharide that accumulated to higher levels in axes from seeds incubated at high relative humidity relative to axes from seeds that were slowly dried. This suggests that slow drying serves to induce the accumulation of the raffinose series sugars at a point after galactinol biosynthesis. We conclude that stachyose plays an important role in conferring desiccation tolerance.
barely detectable levels upon excision to 483 pg/axis during slow drying but did not increase significantly when seeds were incubated at high relative humidity. Galactinol was the only saccharide that accumulated to higher levels in axes from seeds incubated at high relative humidity relative to axes from seeds that were slowly dried. This suggests that slow drying serves to induce the accumulation of the raffinose series sugars at a point after galactinol biosynthesis. We conclude that stachyose plays an important role in conferring desiccation tolerance.
The remarkable mechanism that allows most mature angiosperm seeds to survive desiccation to extremely low water contents is poorly understood. Among the protective components that have been proposed to be important in the acquisition of desiccation tolerance during seed development are proteins and soluble sugars. The group of proteins known as Late Embryogenesis Accumulating, or Lea (13) , proteins include some that accumulate during the maturation drying phase of seed development. Some of these maturation proteins have been correlated with the ability of the seed to progress into seedling growth (29) , whereas others have been correlated with desiccation tolerance (2, 4) . However, some additional process is apparently necessary for the development of desiccation tolerance. We have shown that maturation protein accumulation alone is not sufficient to confer desiccation tolerance in developing soybean (4) .
Another important component of desiccation tolerance may be the accumulation of a high level of soluble sugars, a characteristic of mature orthodox seeds (1) . They have been implicated by correlation as adaptive agents for desiccation tolerance during seed development and germination (9, 18, 19) . In particular, cultivars of soybean (Glycine max) accumulate high levels of the raffinose series of oligosaccharides, particularly stachyose, in addition to sucrose (12, 18, 21, 31) . Evidence for the protective role of soluble sugars has also been inferred from model systems (7, 11) . The soluble sugar, trehalose, protects cytosolic components in yeast against desiccation-, frost-, and heat-induced damage in vivo (34) . It is thought that the hydroxyl constituents of sugars may replace the hydration shell around membranes and thus prevent structural damage as water is removed (10, 11) . In addition, sucrose has been shown to protect soluble enzymes from salt-induced damage in vitro (32) . The presence of a larger oligosaccharide along with sucrose may enhance protection still further by favoring vitrification rather than crystallization (6, 9, 17, 33, 35) .
Although oligosaccharides such as stachyose have been recognized as protective agents in leaves against cold-induced damage, they are often referred to as a carbon reserve for germination rather than as a desiccation protectant in the axes of nonendospermic legume seeds (12) . Raffinose and stachyose are synthesized by the following reactions (12) catalyzed by galactinol synthase (UDP-galactose:inositol galactosyltransferase) (Eq. 1), raffinose synthase (galactinol: sucrose 69'u-a-D-galactosyltransferase) (Eq. 2), and stachyose synthase (galactinol:raffinose 69al-z-D-galactosyltransferase) (Eq. 3):
UDP-D-galactose + myo-inositol -* galactinol + UDP (1) galactinol + sucrose raffinose + myo-inositol (2) raffinose + galactinol -stachyose + myo-inositol (3)
The committing step in this pathway is the synthesis of galactinol from myo-inositol and UDP-galactose.The aim of this work was to test the hypothesis that high levels of both maturation proteins and oligosaccharides are necessary for the development of desiccation tolerance in maturing soybean seeds. We have previously shown that maturation proteins may be important components of desiccation tolerance (4). We report here that maturation proteins appear to be incapable of providing desiccation tolerance unless high levels of certain oligosaccharides, particularly stachyose, also accumulate. Furthermore, the stachyose level is not correlated with the germination rate. Therefore, altemative forms of reduced carbon appear to be as effective substrates as stachyose during early germination. This suggests that the primary need of the axis for stachyose is not as a storage reserve but as a protectant during desiccation.
MATERIALS AND METHODS Plant Material
Soybean plants (Glycine max [L.] Merrill cv Chippewa 64) were greenhouse grown as previously described (24) . Developing pods were removed from plants and surface sterilized in 10% bleach (0.5% hypochlorite) for 5 min and then rinsed five times in sterile water. Seeds were excised from the pods aseptically and seeds of 34 DAF were selected on the basis of morphological and fresh weight criteria (30) .
Premature Drying Treatments
Immature seeds, excised at 34 DAF, were dried slowly during the course of 6 d by transferring them daily to successive sealed desiccators in which atmospheres of progressively lower RHs (92.5, 87, 75, 51, 45, and 32.5%) were maintained over saturated solutions of KNO3, Na2CO3, NaCl, Mg(NO3)2, K2CO3, and MgCl2, respectively (4) . For the high RH control treatment, seeds were placed in desiccators over water-saturated filter paper for 6 d (4).
Germination Tests
To test for rate and final extent of germination, 20 to 25 seeds were placed aseptically in moist rolls of germination paper for 7 d at 25F8C. On each day, seeds were scored as having germinated if the axis had elongated and broken through the seed coat.
Desiccation Tolerance Test
To test the ability of seeds to tolerate desiccation, samples of 20 to 25 seeds were dried rapidly at 13% RH over a saturated solution of LiCl at 250C. After 6 d, seeds were humidified for 24 h in an atmosphere of high RH above, but not touching, moist paper before testing for germination (4 Heat-stable proteins were extracted from axes as previously described (4) except that the extraction buffer contained 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 5 ,ug/mL each of antipain and leupeptin, and 1 mm PMSF. Proteins were analyzed by the dye-binding assay (Bio-Rad) and by electrophoresis on 10 to 18% polyacrylamide gradient gels containing SDS as previously described (4).
Sugar Extraction and Analysis
After designated periods of time during the slow drying or high RH treatments, seeds were removed from desiccators, and the axes were dissected out, frozen in liquid nitrogen, and stored at -800C until extraction. Sugars were extracted from the axes as follows (3) . Samples of five axes were weighed and then homogenized in a microfuge tube with a plastic homogenizer in 500 uL of 50% ethanol containing 100 gg/mL of melezitose-dihydrate (Sigma) as the internal standard. The slurry was incubated at 750C for 30 min and then centrifuged in a microfuge at 16,000g. The supematant was removed, and the pellet was washed in 500 ,uL of 50% ethanol containing melezitose as before. The combined supernatants were dried under a stream of nitrogen gas. The dried extract, after dissolution in 1 mL of distilled H20, was filtered through a 0.8-x 4-cm column containing 0.5 mL of Amberlite IRA-94 ion exchange resin, 1.0 mL of Dowex 5OWx4 ion exchange resin, and 0.5 mL of polyvinylpolypyrrolidone (all from Sigma) at a flow rate of 0.5 mL/min (5). After the collected aqueous eluate was lyophilized, the dried residue was resuspended in 1 mL of trimethylsilylimidazole (Trisil-Z; Pierce) and heated at 750C for 0.5 h, and 2 juL of derivatized sugars were analyzed by GC (Hewlett-Packard-5890) on a 15-m SPB-1 (Supelco) column (0.53 mm i.d.) with dimethylpolysiloxane (0.5-,um film thickness) as the stationary phase and He (2 mL/min) as the carrier gas. The injector was operated at 2750C and the flame ionization detector at 3500C. Detector gases were 30 mL/min H2, 400 mL/min air, and 25 mL/min makeup gas (He). The column temperature was preprogrammed for 10 min at 1800C, followed by a 10°C/min increase to a final temperature of 3200C for 15 min. Sugars were identified by comparison of retention times with known standards (Sigma, except for galactinol, which was a kind gift from Dr. Robert Turgeon). Under these conditions, the major soybean saccharides were well resolved with retention times of 19.4 (sucrose), 21.8 (galactinol), 24.5 (raffinose), 25 .1 (melezitose), and 35.9 min (stachyose). Saccharides were quantified by reference to a standard curve of the ratio of the peak area of the sugar to the internal standard versus micrograms of known sugar. Peak areas were computed by a Hewlett-Packard-3380S integrator.
RESULTS

Slow Drying and High RH Treatments Promote Germination
As maturing soybean seeds gradually dry in situ, they adapt to lower and lower water concentrations until they are capable of withstanding desiccation to less than 0.10 g of H20/g of dry weight at 44 DAF (4) . To study the adaptations that allow seeds to tolerate desiccation, we modified the artificially imposed drying regimen detailed by Rosenberg and Rinne (27) so that comparable desiccation tolerance was achieved in developing excised seeds of 34 DAF (4). This treatment was compared with a control treatment in which excised seeds were maintained for the duration of the experiment in a water-saturated chamber (high RH controls). The water concentration of the axes in seeds undergoing slow drying began to change significantly after day 2 (75% RH and below), declining from 1.78 g of H20/g of dry weight upon excision to 0.06 g of H20/g of dry weight after 6 d at 32 .5% RH (Fig. 1) . In contrast, the axes of high RH seeds slightly increased in water content until day 3 of treatment, after which they returned to their original level of about 2.00 p <°Slow-dried g of H20/g of dry weight after 5 d.
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High RH
We tested seeds undergoing these treatments to ensure that ) .4', germination was not adversely affected before desiccation ,,-.4 00
( Fig. 2A) . Germination of freshly excised seeds was only 43%
under the conditions of our germination test. One day after )-^t~"'0 -Q excision, germination was greater than 80% and was nearly 100% after 2 d for both regimens. Seeds undergoing both treatments also had comparable rates of germination (Fig.  2B) . The time to 50% germination decreased to a minimum after 3 d during both treatments. Thus In contrast to germination results, the treatments had markedly different effects on desiccation tolerance (Fig. 3) . Rapid desiccation at 13% RH destroyed germination unless the seeds had experienced more than 2 d of the slow drying regimen. The percentage of seeds that were desiccation tolerant increased between 2 and 6 d of slow drying as axis water concentration declined from 2.10 to 0.06 g of H20/g of dry weight. In contrast, seeds held at high RH, which maintained greater than 1.80 g of H20/g of dry weight, never acquired desiccation tolerance.
Maturation Proteins Accumulate during Slow Drying
We previously reported that a set of seven maturation proteins were consistently present in desiccation-tolerant seeds and, hence, may contribute to desiccation tolerance (4). However, apparently identical maturation protein levels were achieved after 6 d of either slow drying or high RH treatments of young excised seeds (34 DAF) (4). Here we show that the level of these proteins increased at approximately the same rate in both treatments (Fig. 4) ments. Thus, not only did maturation proteins accumulate in high RH seeds (which do not achieve desiccation tolerance) but they also reached their maximum level in slow-dried seeds well before the seeds achieved desiccation tolerance (Fig. 3) . This supports our previous conclusion (4) that a high level of maturation proteins alone cannot confer desiccation tolerance.
Slow Drying Induces the Accumulation of Oligosaccharides
Because the presence of maturation proteins in the high RH control seeds was not sufficient to confer desiccation L') 0 tolerance, we predicted that soluble saccharides might be an additional requirement. Soluble sugars were extracted from axes of seeds undergoing high RH or slow drying treatments and analyzed by GC. Stachyose and, to a lesser extent, raffinose accumulated in axes from seeds undergoing slow drying but not in those maintained at high RH. Galactinol content increased substantially during the high RH treatment (Fig. 5) . Sucrose content in the axes of excised seeds decreased dramatically from its initial value of 211 to 54 and 62 jig/ axis in slow dried and high RH seeds, respectively, within 1 d after excision (Fig. 5A) . In subsequent days, the axes from slowly dried seeds accumulated sucrose. After day 6, the sucrose level in axes from slow-dried seeds (128 jig/axis) was about 5 times that in axes from high RH control seeds (25 jig/axis). This higher sucrose level was associated with the increased desiccation tolerance of the slow-dried seeds (Fig.  3) . However, because freshly excised seeds contained even more sucrose and yet were not desiccation tolerant, it seems that sucrose was not the determining factor in desiccation tolerance.
Stachyose was not present in axes of freshly excised seeds and accumulated in the axes only during slow drying of seeds (Fig. 5B) . After 2 d of slow drying, the stachyose level began to increase dramatically to reach 483 ,jg/axis (almost 4 times the level of sucrose) after 5 d. Stachyose did not accumulate to a significant extent in axes of high RH control seeds. Thus, stachyose accumulation correlated well with increasing desiccation tolerance, and this oligosaccharide appears to be a good candidate for an important component in desiccation tolerance of soybeans.
Neither raffinose (Fig. 5C ) nor galactinol (Fig. 5D ) accumulated to the same extent as did stachyose and sucrose in the axes of seeds undergoing slow drying. The raffinose level remained between 0 and 5 jig/axis through the first 4 d of slow drying and then accumulated modestly to 11 jig/axis after day 5 (Fig. 5C ). The galactinol content increased after 1 d of excision during slow drying, but as stachyose began to accumulate after day 2 (Fig. 5B) , galactinol content declined. Thus, both galactinol and raffinose appear to have been rapidly converted to stachyose during slow drying. In contrast, galactinol was the only saccharide that accumulated in axes of seeds maintained at high RH to a level higher than that in axes from slow-dried seeds (Fig. 5D) . Galactinol increased to 6 ,ug/axis after 3 d of the high RH control treatment. Because galactinol accumulated, whereas raffinose and stachyose did not, galactinol conversion to the higher mol wt oligosaccharides appears to have been blocked in the seeds that were held at high RH.
Soluble sugars other than sucrose and stachyose were only a minor proportion (in total, <10%) of the total soluble sugar pool of axes from slow-dried seeds, and their levels did not differ significantly between slow-dried and high RH control seeds (data not shown). It is, therefore, unlikely that saccharides other than stachyose and sucrose were determining factors in the development of desiccation tolerance in slowdried seeds.
Preliminary evidence gained from visual inspection of fresh sections stained with potassium iodide suggests that the accumulation of the soluble saccharides in slow-dried seeds proceeds at the expense of starch (data not shown). At 34 DAF, starch was detected in the axes of freshly excised seeds but not in axes from seeds after 6 d of slow drying. In contrast, axes from high RH-treated seeds retained starch after 6 d.
DISCUSSION
A number of functional changes occur during natural soybean seed maturation including the ability to germinate rapidly and to tolerate desiccation (2, 4, 22, 23, 25) . Immature seeds of certain plants when detached and slowly dried acquire traits, including germination and desiccation tolerance, that mimic those of mature seeds (15, 27, 28) .
At 34 DAF (mid-pod fill), soybean seeds can germinate only at a very slow rate and are not desiccation tolerant. If moisture is withdrawn gradually during the course of 6 d (Fig. 1) such that the final water concentration (0.06 g of H20/g of dry weight) is equivalent to that of the mature seed, they become functionally similar to mature seeds in at least two respects. First, the rate of germination is accelerated (Fig.  2B) and, second, the ability to tolerate desiccation is acquired (Fig. 3) . These traits are acquired during natural seed development at 38 and 48 DAF, respectively (4, 23) .
Germination (Fig. 2) , but not desiccation tolerance (Fig. 3) , was also promoted in seeds that were simply maintained at or above their preexcision water content rather than being slow dried. Promotion of germination in excised, immature embryos (either zygotic or somatic) by similar treatments has also been documented elsewhere (16, 26, 27) .
We examined the protein profiles and soluble sugar contents of these seeds to identify components that might underlie different functional properties, particularly desiccation tolerance. Neither the rate nor final extent of maturation protein accumulation differed between axes of seeds undergoing slow drying and high RH control treatment (Fig.  4) . Therefore, accumulation of maturation proteins is probably induced directly or indirectly in response to excision or to changes in water relation parameters undetectable by our methods. Rosenberg and Rinne (27) also observed that two proteins accumulated in whole immature soybean seeds after they were excised and incubated at high RH for 24 h.
In contrast to these abundant maturation proteins, soluble saccharide levels (especially stachyose) were markedly different in axes of seeds undergoing these two treatments (Fig. 5) . Stachyose and sucrose levels increased to approximately 270 and 80 mg/g of dry weight, respectively-2.7 times higher than the values reported for naturally matured axes (100 mg of stachyose/g of dry weight and 30 mg of sucrose/g of dry weight) (18) . This differential may reflect a real difference between seeds that are matured precociously and those that mature in vivo but may also be due to the different cultivar used. Levels of soluble sugar differ among soybean cultivars with some cultivars having even higher levels than those reported here (21) .
Our results show a correlation between stachyose level and desiccation tolerance (r2 = 0.835) when immature soybean seeds are artificially matured by slow drying. Similar associations between high levels of saccharides and desiccation tolerance have been reported during natural Brassica seed development (19) , during germination of pea, soybean, and corn seeds (18) , and during slow drying of corn and Pennisetum pollen (14) . Taken together, results of these studies provide strong support for the hypothesis that saccharides are important in conferring tolerance to the stress of desiccation. Soluble saccharides can protect isolated cellular components from desiccation-or osmotic stress-induced damage in vitro (7, 11, 32) and can protect cytosolic components in yeast against desiccation-, frost-, and heat-induced damage in vivo (34) . The mechanism of saccharide protection has been proposed to be either through sugar-hydroxyl replacement of the hydration sites of susceptible intracellular components (10, 11) or formation of a high-viscosity vitreous state wherein deleterious reactions are suppressed (6, 17, 20, 35) .
Because germination of seeds with axes that lack stachyose (i.e. high RH control seeds) does not differ from seeds with axes that contain stachyose (i.e. slow-dried seeds), we can infer that the high level of stachyose is not necessary to provide nutrients to hasten radicle emergence. Sufficient reduced carbon for early germination can apparently be derived from starch or other soluble saccharides present in axes from high RH-treated seeds as well as from stachyose. In contrast, our data do support an important role for stachyose in the development of desiccation tolerance.
Furthermore, our data suggest that the accumulation of raffinose series sugars and, hence, desiccation tolerance can be induced in axes of seeds during slow drying but not during incubation at high RH. Axes of high RH seeds do not accumulate these higher mol wt sugars despite the build up of galactinol (Fig. 5B) . Galactinol synthase has been implicated as an important regulator of carbon partitioning between sucrose and raffinose saccharides in developing soybean seeds (21, 31) . Galactinol synthase activity and galactinol content actually increase before maximum stachyose synthesis and subsequently decline as the seeds mature and lose water (present study and ref. 21) . Similarly, raffinose synthase activity is present as early as 5 DAF in developing soybean and does not increase dramatically during the remainder of development (8) . Thus, although galactinol and raffinose synthase activity may be important in the regulation of carbon flow into the raffinose family biosynthetic pathway, some other factor may be required for the accumulation of these sugars to high levels. It is possible that stachyose synthase activity is limiting or that intracellular conditions are not conducive to the accumulation of stachyose when the seeds are incubated at high RH.
In summary, the evidence from the present work suggests an important role for the oligosaccharides that accumulate during maturation of most orthodox seeds-to provide protection from the stress of severe desiccation. The role of oligosaccharides in desiccation tolerance cannot be replaced by maturation proteins during severe desiccation. The maturation proteins may be an essential part of an 'early response system" that protects against the stresses imposed at the onset of desiccation before saccharides reach high levels, or they may work in concert with oligosaccharides to function in the development of desiccation tolerance.
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